Conventional biophysical and chemical biology approaches for delineating relationships between the structure and biological function of nucleic acids (NAs) abstract NAs from their native biological context. However, cumulative experimental observations have revealed that the structure, dynamics and interactions of NAs might be strongly influenced by a broad spectrum of specific and nonspecific physical-chemical environmental factors. This consideration has recently sparked interest in the development of novel tools for structural characterization of NAs in the native cellular context. Here, we review the individual methods currently being employed for structural characterization of NA structure in a native cellular environment with a focus on recent advances and developments in the emerging fields of in-cell NMR and electron paramagnetic resonance spectroscopy and in-cell single-molecule FRET of NAs.
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Keywords: DNA; in-cell chemical probing; in-cell EPR; in-cell NMR; in-cell single-molecule FRET; RNA Nucleic acids (NAs) are abundant biopolymers found in all living entities, where NAs encode, transmit and express genetic information. Due to their biological roles, NAs represent inherently important targets for drug development [1] [2] [3] [4] [5] . In addition, the unique nanoscale geometry, biocompatibility, biodegradability and molecular recognition capacity of NAs has made NAs promising candidates for the construction of novel functional nanomaterials and biosensors for a broad range of in vivo applications [6] [7] [8] [9] [10] [11] [12] . To gain insight into the principles that govern the folding of NA structures and the interactions of NAs with both proteins and drug-like molecules, NA have been intensively studied using a number of biophysical methods, including atomic-resolution methods such as X-ray diffraction and solution NMR spectroscopy. However, instead of providing a unique set of (quantitative) relationships between an NA sequence and its 3D geometry and/or the interactions profiles, these studies revealed that essentially all aspects of NA stereochemistry not only are a simple function of the NA primary sequence but are also modulated by chemical-physical environmental factors, such as ionic strength, the nature of counterions, pH and water activity [13] [14] [15] [16] [17] [18] [19] [20] . The observation that the structure, dynamics and interactions of NAs might be strongly influenced by the subjectively chosen environmental conditions and experimental setups used for investigations indicated that the conventional in vitro methods of structural biology and biophysics, which are all abstracted from the native environmental context of a cell, must be used with caution when considering the physiological relevance of the structural and biophysical data on NAs. The consideration of the inherent sensitivity of Abbreviations DEER, double electron-electron resonance; EPR, electron paramagnetic resonance; FCS, fluorescence correlation spectroscopy; FRET, f€ orster resonance energy transfer; NA, nucleic acid; NMR, nuclear magnetic resonance; TERRA, telomeric repeat-containing RNA.
NA structure and interactions to environmental factors has also indicated that delineating of physiologically relevant quantitative structure-activity relationships might only be possible with the use of both functional and structural data derived under environmental conditions that are as close as possible to native in vivo conditions.
The idea of analysing NAs under native environmental conditions is relatively old, and the first attempts, which date back to the 1990s, might arguably be linked to the applications of the indirect and low-resolution methods of in-cell chemical probing that allowed the detection of noncanonical DNA and RNA motifs in the genomic/transcriptomic context [21] . However, the first genuine and important step towards high-resolution structural analysis of NAs in their native environment was associated with the introduction of the concept of in-cell spectroscopic analysis, namely, in-cell electron paramagnetic resonance (EPR) spectroscopy [22, 23] , in-cell NMR [24] and in-cell FRET [25] .
All of the currently existing in-cell spectroscopic methods for NAs are based on a single underlying principle, which relies on the introduction of exogenous NA fragments to the interior of living cells and a subsequent spectroscopic investigation ( Fig. 1) .
At first sight, the in-cell spectroscopic approaches might appear to be a simple combination of the conventional cell biology methods for delivering exogenous NA material into cells and standard in vitro spectroscopic measurements. However, rather stringent criteria for the quality of in-cell spectroscopic samples and the technical problems associated with acquiring spectra in the complex environment of living cells have necessitated the development of unconventional approaches not only for the NA delivery into cells and the spectral acquisition but also for the development of novel schemes for interpreting in-cell spectroscopic data. The basic technical aspects, applications and most recent developments in the cellular structural biology of NAs are detailed below.
In-cell NMR spectroscopy
The NMR spectroscopy is a technique based on the absorption of electromagnetic radiation by atomic nuclei in a magnetic field. The recorded spectra are characteristic of the molecular context of the observed atoms, depending on structure of the biomolecule. The noninvasiveness of NMR spectroscopy in addition to the sensitivity of NMR chemical shifts to NA conformational changes made NMR spectroscopy a suitable tool for probing NA structure and interactions in vivo. Until very recently, the in-cell NMR spectroscopy of NAs relied exclusively on the use of Xenopus laevis oocytes as a eukaryotic cell model system [24, [26] [27] [28] [29] [30] [31] . The reason for the use of this model system was that the X. laevis oocytes are cells large enough (~1 mm in diameter) to allow direct deposition of exogenous NA material in the cellular interior via mechanical microinjection. Preparation of a typical in-cell NMR sample requires microinjection of approximately 150-200 oocytes with~30-50 nL of concentrated (3-10 mM) stock solution of NA. Typical intracellular concentrations for in-cell NMR samples are 150-250 lM. In-cell NMR measurements are conducted at 18°C, which corresponds to the physiological temperature of the oocytes. The in-cell NMR spectra of NAs acquired in X. laevis oocytes are generally marked by broadened signals, resulting in low spectral resolution. The signal broadening stems from both the viscosity of the intracellular environment and the inherent inhomogeneity of in-cell NMR samples within irregularly packed oocytes. The typical time window available for in-cell NMR experiment(s) in X. laevis oocytes is generally less than 6 h. This time window is limited by the combination of the reduced NA stability in intracellular environments due to the action of nucleases, the harsh conditions of actual in-cell NMR experiments that compromise the viability of cells and the accidental leakage of NAs from unhealed incisions that remain after the microinjection. The broad spectral lines, the high costs of the isotopically labelled NA samples (required to distinguish the majority of NA signals from those corresponding to the background of cells) and the limited lifespan of in-cell NMR samples make the use of in-cell NMR spectroscopy for de novo determination of NA structures impractical. Fortunately, the imino hydrogen signals from intracellular (endogenous) DNA/RNA or their constituents (nucleosides) are not detected in in-cell NMR spectra as most of the naturally occurring NAs are either too large (e.g. genomic DNA), their concentration is too low (e.g. ncRNA), their iminos are not involved in hydrogen bonding or their signals are lost as a result of fast exchange with the bulk water (nucleosides and nucleotides). The absence of signals from the cellular background in the region above~11 p.p.m. allows direct observation of the signals of the imino hydrogen atoms of the delivered NAs without the need for isotopic labelling/filtering. A combination of three factors, namely, the low costs of unlabelled NA material, the possibility of acquiring 1D
1 H in-cell NMR spectra in times much shorter than the lifespan of in-cell NMR samples and most importantly, the fact that imino signals sensitively report on the base-paring patterns and folding topology of NA, has permitted in-cell NMR to become one of the key methods of providing unique insight into the behaviour of NAs in the complex cellular environment (technical aspects reviewed in Refs [27, 30] .
Assessment of the role of the intracellular environment in promoting the polymorphism of human telomeric G-quadruplex DNA was the first reported application of in-cell NMR for NAs [24, 28] . The preceding studies showed that four repeat-based human telomeric G-rich DNA sequences fold into intramolecular G-quadruplexes, whose folding topologies strongly depend on the experimental conditions, including the nature of the counter ion and the water activity in the sample [13, 14] . To obtain the first insights into possible conformations of G-quadruplexes in the cellular environment, an unlabelled d(G 3 (TTAG 3 ) 3 T) DNA fragment was investigated using in-cell NMR in X. laevis oocytes [24] . The in vitro 1D 1 H spectrum of the d(G 3 (TTAG 3 ) 3 T) in so-called intraoocyte buffer, which was designed to emulate the intracellular space in terms of both ion composition and ionic strength, had a pattern that was typical of a basket-type Gquadruplex [32] . In contrast, the corresponding in-cell NMR spectrum was found to be notably distinct with its shape indicating the presence of two or more distinct G-quadruplex conformations [24] . Although a direct structural interpretation of the in-cell NMR spectrum was not feasible due to the low resolution, the NMR spectra of an in-cell sample that was obtained from cleared lysate showed that the low molecular weight compounds in the intracellular space are likely to be responsible for promoting structural differences between the in vitro and the in-cell conditions. The X. laevis system was also used to resolve a long-standing controversy in the literature related to the effect of intracellular molecular crowding on the folding of human telomeric DNA. Solution NMR experiments have shown that DNA constructs, based on a four-repeat human telomeric sequence, adopt antiparallel G-quadruplex conformation(s) in potassium-based solution [28] . However, the same sequences were shown to adopt a parallel propeller-shaped Gquadruplex fold in a potassium-based solution supplemented with polyethylene glycol [28, 33] , a synthetic cosolute that is frequently used in in vitro studies of NAs as a mimic of intracellular molecular crowding [16] [17] [18] . Notably, the parallel propeller-shaped Gquadruplex fold of a four-repeat human telomeric sequence was observed in the presence of potassium in the crystalline state [34] . These contradictory observations led to the proposition that the crystalline state more reliably reflects inherently crowded intracellular conditions than do the saline buffers that are conventionally used in solution-state NMR. However, comparison of the in-cell NMR spectra acquired in solution in the absence and presence of polyethylene glycol unambiguously showed that the parallel folding G-quadruplex topology for the four-repeat human telomeric sequences is not the preferred conformation under in vivo conditions and suggested that this conformation might arise due to a direct interaction between polyethylene glycol and DNA rather than being the result of a genuine molecular crowding 4 and its interaction with a G-quadruplex binding ligand, namely, 2,6-N,N'-(methyl-quinolinio-3-yl)-pyridine, which is commonly known as 360A. The in-cell NMR spectrum of the DNA G-quadruplex was found to be essentially identical to that acquired in potassium-based solution. The appearance of the incell NMR spectrum of the G-quadruplex did not change for more than 15 h, suggesting that the G-quadruplex made of d(TG 4 T) 4 was rather resistant to the activity of nucleases. Subsequently, the authors attempted to acquire in-cell 2D 1 H- 15 N SOFAST-HMQC spectra of the complex under in vivo conditions. The resulting in-cell spectra were notably distinct from the in vitro spectra of both the free G-quadruplex DNA and the G-quadruplex in complex with 360A. Unfortunately, the very poor quality of the in-cell spectra and the fact that distribution of signals in in-cell NMR spectra depend on how in-cell samples are prepared prevented the authors from obtaining any conclusive interpretation of the in-cell NMR data.
Most recently, the X. laevis system was used to assess the existence of high-order structures of noncoding RNA transcribed from vertebra telomeres (TERRA -telomeric repeat-containing RNA) in vivo [26] . Previous in vitro studies suggested that TERRAs have the capacity to form G-quadruplexes, which can self-associate into higher order structures comprising stacked G-quadruplex subunits [36, 37] . To evaluate the possible existence of these high-order structures in cells, Bao et al.
[26] studied the behaviour of a r (UAGGGUUAGGGU) model sequence in X. laevis oocytes using in-cell NMR spectroscopy. To overcome the problem of the low spectral resolution and strong cellular background in the in-cell NMR spectra, the authors employed a novel approach based on tagging the RNA molecule with a It is important to realize that the X. laevis oocytes used for the in-cell NMR experiments are cells arrested at prophase of the first meiotic division. The quite specific physiological temperature (18°C) and metabolic status of the oocytes thus need to be considered when attempting to extrapolate the relevance of the incell NMR data from X. laevis oocytes to human cells/ physiology. Another problem with oocyte microinjection arises from the need to inject concentrated NA solutions, with typical concentrations of 3-10 mM [27] . For a number of NA motifs/sequences, such a high concentration might promote the formation of oligomers and/or initiate NA concentration-dependent refolding [38] , which might be irreversible upon dilution into the intracellular space in the time frame of typical in-cell NMR experiments (usually 1-4 h). The lack of relevance of the X. laevis model to human physiology has long motivated efforts to adapt the in-cell NMR spectroscopy of NAs to mammalian (human) cells.
In 2018, two research groups reported successful observations of the in-cell NMR spectra of exogenous DNA and/or RNA introduced into human (mammalian) cells using two conceptually distinct approaches [39, 40] . Yamaoki et al.
[40] used a method that involves the adaption of the method originally devised for proteins by Ogino et al.
[41]; this method is based on the reversible permeabilization of the cell membrane with a pore-forming toxin, streptolysin O. Exogenous NA material is allowed to enter the cells via the formed pores, which are subsequently sealed by treatment of the cells with high concentrations of Ca 2+ . Using this procedure, NAs were delivered at an effective intracellular concentration in the low micromolar range (~20-30 lM). The inherent limitation of this delivery method is that the viability/cell membrane integrity of cells subjected to treatment with streptolysin O is significantly compromised due to both the nonquantitative sealing of the pores and the prolonged manipulation times (between opening of the pores and their closure), during which the cytosolic content might leak from cells. The compromised viability/cell membrane integrity of cells primarily manifests as a very strong leakage of introduced NA fragments from the cells during the course of in-cell NMR experiments [40] . Moreover, the NMR signal from the large population of transfected but nonviable/dead cells contributed to an 'in-cell' NMR readout [40] . In contrast, the method based on electroporation [39] does not compromise either the viability of the cells or the cell membrane integrity -more than 90% of cells are typically transfected to a high degree, and these cells are viable even for extended periods. Notably, there is no sign of leakage of NA from electroporated cells during the course of the in-cell NMR experiment(s).
It needs to be mentioned that in order to maintain cells viable and in defined metabolic state in the course of in-cell NMR experiment, it is often necessary to supply cells in the NMR tube with fresh nutrients and oxygen [42] [43] [44] [45] . This can be achieved either in discontinuous mode, that is, via interruption of the in-cell NMR experiment followed by resuspending of cells in fresh medium, or in the continuous mode with the use of so-called 'flow-through bioreactors' [42, [44] [45] [46] .
In-cell NMR in mammalian cells was successfully employed to evaluate the stability of DNA i-motifs in vivo. DNA i-motifs are four-stranded structures consisting of two parallel DNA duplexes zipped together by the intercalation of protonated cytosinecytosine (C.CH + ) base pairs [47, 48] . These i-motifs have recently been postulated to be actively involved in the regulation of DNA transcription [49] [50] [51] [52] [53] [54] [55] . However, because i-motif formation was never directly observed in vivo and because the formation of DNA imotifs is promoted by low ionic strength and acidic pH [56] , that is, factors that are rather inconsistent with the physiological cellular environment, the existence of i-motifs in vivo has been controversial. To evaluate the stability of i-motifs in the nuclei of living human cells, Dzatko et al. [39] introduced several i-motif-forming DNA sequences from the human genome into human (HeLa) cells and investigated their stability using temperature-resolved 1D 1 H in-cell NMR spectra. The observation of imino signals in the region from 15 to 16 ppm, which is a specific signature of protonated cytosines involved in formation of the C.CH + base pair [57] , unambiguously confirmed the formation of i-motifs in the nuclei of living human cells. Surprisingly, the stabilities of i-motifs in vivo were found to be (in some cases) significantly higher than those determined under in vitro conditions emulating the ionic strength and pH of intracellular spaces [39] .
Compared with in-cell NMR in the X. laevis system, in-cell NMR in human (mammalian) cells mainly has the advantage of being relevant to human (mammalian) physiology/pathology. The fact that the intracellular concentrations of the delivered NAs are almost one order of magnitude lower than those used in the X. laevis model implies a lower disturbance of the intracellular environment. However, in the case of in-cell NMR in mammalian cells, the low intracellular concentration of NAs, along with the relatively narrow time window available for in-cell NMR measurements, limits the range of NMR experiments that can be used to interrogate NA structure in vivo. Thus far, in-cell NMR in mammalian systems has remained limited to the detection of 1 H nuclei [39, 40] .
In-cell EPR
In vitro, EPR spectroscopy, specifically, pulsed electron-electron double-resonance or double electron-electron resonance (DEER), is being used to determine very accurate distances in NAs in the range of 1.5-10 nm [58] . As DEER measures the magnetic dipoledipole interaction between two paramagnetic centres, the use of DEER for diamagnetic molecules presumes site-specific covalent tagging of the molecule with paramagnetic (spin) labels that are typically represented by small nitroxides [58] . For in-cell studies, EPR-based detection offers three main advantages over NMR. Due to the higher sensitivity of EPR, lower intracellular NA concentrations might be used in principle. As diamagnetic molecules are not detectable by EPR, in-cell EPR spectra have essentially zero background from cellular components. The third advantage is that in contrast to in-cell NMR, which reports on a local chemical environment that generally spans less than 0.5 nm, EPR provides long-range distance (up to 10 nm) or angular information. However, the inherent disadvantage of in-cell EPR measurements is that they typically must be conducted at cryogenic temperatures as the commonly used nitroxide spin labels have very short half-lives at physiological temperature in the reducing environment of cells [58] . The fact that in-cell EPR data are acquired in shock-frozen cells in liquid nitrogen needs to be considered when assessing the physiological relevance. In technical terms, the preparation of in-cell EPR samples is essentially identical to the preparation of incell NMR samples. Although in-cell EPR can be in principle extended to mammalian cells, thus far, all the applications of in-cell EPR involving NAs have remained limited to the X. laevis oocyte model system [22, 23, 59] . In contrast to the in-cell NMR sample, which typically requires 150-200 oocytes/sample, 50 oocytes are typically sufficient for one in-cell EPR sample.
The first reported use of in-cell EPR for NAs was presented by Krstic et al. [23] . To assess the application potential of in-cell EPR for NAs, the authors used in-cell DEER spectroscopy on a 12-bp DNA duplex, a 14-mer cUUCGq tetraloop RNA hairpin and a 27-mer neomycin-sensing riboswitch doublelabelled with 2,2,5,5-tetramethylpyrrolinyl-N-oxyl-3-acetylene (TPA) [22] found that the average in-cell interspin-label distance (d = 3.22 nm, r = 1.04 nm) was rather similar to that derived under in vitro conditions (d = 3.20 nm, r = 0.43 nm). As the narrow distance distribution found in vitro (r = 0.43 nm) corresponded to the value expected for the completely hybridized DNA duplex, the greater distance distribution (r = 1.04 nm) observed under in-cell conditions was interpreted to be the result of protein binding that induced changes in DNA conformation, cleaving of the duplex by nucleases or unwinding of the DNA duplex. In their subsequent study, Azarkh et al. [59] used in-cell DEER to investigate the folding of the human telomeric G-quadruplex forming sequence d(AG 3 (TTAGGG) 3 ) double-labelled with TPA. In the cellular environment of deeply frozen X. laevis oocytes, two distance distributions were observed. One was centred at d = 2.0 AE 0.7 nm, while the other was centred at d = 2.9 AE 0.4 nm. These results agreed with the reference in vitro experiment in buffered potassium-based solution, which showed respective distance distributions centred at d = 1.8 AE 0.2 nm and d = 3.0 AE 0.1 nm. Based on previous in vitro DEER data obtained by Singh et al. [60] , these two distributions were assigned to parallel propeller and antiparallel (or hybrid) G-quadruplex conformations. While the (in-cell) DEER measurements indicated that the parallel propeller G-quadruplex is one of the major conformations of d(AG 3 (TTAGGG) 3 ) in deeply frozen, dilute, potassium-based solution (in vitro), X. laevis oocytes (in cell), and X. laevis oocyte extracts (ex vivo) [59, 60] , the corresponding NMR investigations at physiological temperature suggested that the parallel G-quadruplex conformation is predominant neither in vitro inside living X. laevis oocytes nor in the X. laevis egg extract [28, 29] .
As already mentioned, in contrast to in-cell NMR measurements, which have a time window that is primarily determined by the viability of cells, the rate of NA degradation in the intracellular space, and the rate of NA leakage from postinjection incisions, in-cell EPR measurements have a time window that is primarily dictated by the rate of spin-label reduction, which (for the first generation of spin labels) is generally shorter than 70 min. To inhibit/slow down spinlabel reduction, shock freezing of the sample was needed for DEER measurements [22, 23, 59] . Artefacts due to snap-freezing, which not only alter the physiology of cells but might also alter the conformational equilibria [61] , sparked interest in the development of spin labels that would be stable in the cellular environment at physiological temperature [62] [63] [64] [65] [66] [67] [68] . In this respect, Azarkh et al. [62] showed that the stability of nitroxide spin labels primarily depends on the size of the heterocyclic ring, with the five-member heterocyclic ring nitroxide PCA (3-carboxy-2,2,5,5-tetramethylpyrrolidinyl-1-oxyl) displaying higher stability than the six-member analogue TOAC (2,2,6,6[tetramethylpiperidine-N-oxyl-4-amino-4-carboxylic acid). In 2014, Qi et al. [67] demonstrated the Gd-4-vinylPyMTA is superior to commonly used nitroxides, as Gd-4-vinyl-PyMTA is stable for at least 24 h in cell extract at 18°C. Jagtap et al. [65] studied the effects of substitution on radical stability for five classes of radicals (piperidine-, imidazolidine-, pyrrolidine-and isoindoline-based nitroxides) and found that tetraethyl-substituted nitroxides, particularly the pyrrolidine derivatives, are good candidates for in-cell EPR studies. Only recently, Karthikeyan et al. [66] presented the maleimido-proxyl-based spin label (M-TETPO), which is resistant to bioreduction. Although this label was specifically devised for studies of protein structural dynamics, in principle, M-TETPO can also be adapted for use with NAs.
In-cell single-molecule FRET
The natural NA concentrations in cells are in the submicromolar to low micromolar range, which is well below the detection limits of both NMR and EPR. The use of these inherently insensitive methods to characterize NAs in cells thus implicitly presumes the deposition of unnaturally high concentrations (20-250 lM) of exogenous NA material in the cellular interior. Although the cells transformed with the corresponding amounts of NAs are viable and the active mechanisms used by cells for maintaining homeostasis of the intracellular space seem to compensate for the presence of 'alien' NA material, the large amount of delivered NAs might influence the intracellular environment and potentially bias the structural readout. To resolve this issue, the use of conventional FRET was proposed. As demonstrated by Fessl et al.
[25], the ultrahigh sensitivity of FRET allows researchers to obtain a readout on NA structural features in the intracellular space at the single-molecule level (incell smFRET).
The FRET is a phenomenon involving nonradiative energy transfer between two fluorophores [69] . The efficiency of FRET (E) depends on the distance, the orientation between the two fluorophores and their photophysical properties. In vitro and in vivo, FRET is most frequently used as a one-dimensional ruler, since E depends on the sixth power of the distance between the dyes [69] . However, this dependence is valid only under the assumption that the fluorophores(s) reorient randomly one with respect to other (Note: To ensure as much of a random orientation of fluorophores(s) as possible, these fluorophores are typically covalently attached via long flexible linker(s)). On the other hand, the dependence of FRET on the mutual orientation of both probes can be exploited to determine angular information in cases where a fixed orientation of the fluorophores or a defined interfluorophore distance on an NA segment can be imposed [70, 71] . This situation can be achieved either through the use of dyes that strongly interact with the given NA or by site-specific incorporation of fluorescent nucleotide analogues [72, 73] .
In vitro, the typical readout of FRET is either the fluorescence intensity of the probe or the fluorescence lifetime. However, in vivo, due to the convoluted photophysics of organic dyes in the complex environment of living cells, fluorescence lifetimes are more robust and are preferred for in-cell FRET detection [25] . Reliable interpretation of the in-cell FRET data in structural terms requires a priori knowledge of the photophysical properties, such as quantum yield, molar extinction coefficient, fluorescence and absorption spectra, and photobleaching time, of the fluorophores. For proper structural interpretation of in-cell FRET data, it is important to consider that the photophysical properties of fluorophores in vivo might be notably distinct from those exhibited by the fluorophores under simplistic in vitro environmental conditions [25, 74] .
In-cell FRET provides an essentially identical type (long-range) of structural information as that provided by in-cell EPR. However, there are several advantages of in-cell smFRET over in-cell EPR: First, the inherent advantage of in-cell FRET over in-cell EPR lays in the possibility to perform measurements at physiological temperatures. Second, single-molecule in-cell FRET (in-cell smFRET) experiments require low concentrations of internalized molecules (~1-100 pM). Internalization of this amount of NA usually neither triggers a biological response nor modulates the parameters of the intracellular environment. Working concentrations in the pM range also notably facilitate the preparation of in-cell FRET samples as the established protocols in molecular and cellular biology are sufficient for providing the required amount of NA for essentially any type of prokaryotic or eukaryotic cell. (Note: Labelled NAs for single-molecule experiments have successfully been internalized into living bacteria and yeasts via electroporation [25, [75] [76] [77] [78] or into living bacteria by heat-shock [25] .) Standard electroporation protocols [25] and passive diffusion were shown to be suitable for the internalization of NAs into mammalian cells [78] . Last, but not least, the detection of FRET signals from single molecules offers direct access to nonbiased statistics for populations of individual configurations while also allowing us to detect dynamics and the presence of intermediates or rare states.
Despite all the advantages of smFRET over other in-cell techniques, thus far, there has been only one reported in-cell application of the method using NAs [25] . In their work, Fessl et al.
[25] used smFRET to assess the helical geometry of double-stranded DNA in living Escherichia coli cells. As shown previously, double-stranded DNA might adopt either an A-or B-type conformation depending on the environmental conditions. Although B-DNA is the preferred conformation in dilute solutions, A-DNA is the preferred conformation in environments marked by low water activity, such as a solution crowded with cosolutes and/or the crystalline state. Analysis of in-cell smFRET data from a series of five double-stranded DNA constructs of variable length (8-16 bp) showed that dsDNA adopts the so-called B-DNA geometry in vivo [25] .
Probing of nucleic acids in cell using chemical probes
Chemical probing of NA structures is generally based on covalent alterations of nucleotides that are differentially accessible to the modifying reagents according to the NA folding (Fig. 2) . Dimethyl sulphate (DMS) is the most widely used base-modifying reagent for probing RNA structures in living cells since DMS can penetrate the cells due to its small size. DMS methylates adenosine at position N1 and cytidine at position N3, both of which can be protected from alkylation by Watson-Crick pairing, and guanosine at position N7, which can be protected by Hoogsteen base pairing, for example [79, 80] . Methylations of adenosine N1 and cytidine N3 are nowadays typically detected by reverse transcription followed by cDNA sequencing, since these changes interfere with the polymerase reaction and either cause reverse transcriptase (RT) to stop or cause the incorporation of an incorrect nucleotide into the cDNA strand. In combination with a deep sequencing approach, the technique called DMS-seq enables analysis of the folding state of intracellular RNA at the transcriptome-wide level [81, 82] . However, this technique provides a biased readout for inherently dynamic NA structures. For example, protection against N7 methylation, which is generally regarded as a definitive indicator of Hoogsteen G-G base-pair (or G-quartet) formation, may not be a reliable probe of the nature of guanine pairing in G-hairpins [83] [84] [85] . For these structures, which are marked by the presence of dynamic G-G base pairs that transit between Hoogsteen-type and trans-Watson-Crick arrangements [86] , the N7 methylation of guanosine residues by DMS will shift the equilibrium from a Hoogsteen-type arrangement towards a non-Hoogsteen arrangement, eventually leading to complete N7 methylation of guanine and to a false negative readout regarding the presence of this noncanonical DNA motif [83] [84] [85] . Similarly, the dynamics of Hoogsteen base-pair opening would allow N7 methylation. Thus, the differences between in-cell and in vitro protection data must be interpreted with caution as both structural equilibria and basepairing dynamics might be notably influenced by environmental factors [87, 88] . Moreover, it has been recently shown that analysis of RT termination and mutation events may give different results within one DMS-seq screen, depending on the sequence context of modified nucleotides and the particular RT used [89] . An alternative probing method that identifies all single-stranded or flexible RNA nucleotides, Selective 2 0 -Hydroxyl Acylation analysed by Primer Extension (SHAPE), has been adapted for use in vivo [90] . A cell-penetrating reagent, 2-methylnicotinic acid imidazolide (NAI), modifies the 2 0 -OH group of accessible RNA nucleotides, and these alterations cause polymerase stops during reverse transcription [90] . The method was further improved by developing the NAI-N 3 reagent. This technique, termed in vivo click SHAPE, allows attachment of biotin to the modified nucleotides and thereby allows enrichment of the modified fragments by streptavidin pull-down, thus increasing the signal-to-noise ratio in RT experiments [91] .
The combination of DMS-seq and SHAPE approaches has been successfully used for in vivo transcriptomewide mapping of RNA G-quadruplex (G4) folding, although these structures are not dependent on Watson-Crick base pairing [92] . The study was based on the following observations: (i) DMS modifies N7 of G more effectively than N1 of A or N3 of C, (ii) NAI preferentially modifies the last G nucleotides of the first three G tracts of a folded quadruplex, probably due to the bending of the RNA backbone and exposure of the 2 0 -OH to the solvent, and (iii) G4 causes termination of the RT reaction. Upon DMS treatment, RNA was isolated from the cells, refolded in vitro under G4 favourable conditions and subjected to RT profiling. Since the G N7 methylation prevents G4 formation, the sequences that were relaxed in vivo could not refold in vitro and because this modification does not halt the polymerase, low RT stops were detected. The G4s that folded in vivo were reconstituted in vitro as well, causing stops in the RT assay. After NAI treatment, RNA was refolded in vitro under G4 nonfavourable conditions preceding the RT screen. The G4s that folded in vivo were modified with NAI, resulting in polymerase termination in RT profiling, in contrast to the situation for the sequences that were in vivo in a single-stranded state. Although thousands of regions within mammalian transcriptomes have been shown to form G-quadruplex structures in vitro [92, 93] , the in vivo study indicated that these regions are largely unfolded in the environment of living cells [92] .
In addition to the RT stop profiling readout, NAs labelled with a structure-selective chemical probe can be detected directly in situ by using antibody staining (Fig. 2) . It has been shown that osmium tetroxide in complex with 2,2 0 -bipyridine (Os,bipy), a reagent that selectively modifies single-stranded DNA, penetrates living cells and that the DNA-Os,bipy adduct can be detected with a specific antibody [94] . Os,bipy treatment of mammalian fibroblasts followed by immunofluorescence staining of fixed cells has been used to demonstrate the presence of open DNA structures in decondensed and transcriptionally active chromatin [21] . Antibodies can also be raised against nonmodified higher order NA structures. The occurrence of DNA and RNA G-quadruplexes in vivo has been confirmed by anti-G4 antibody [95, 96] , which was also used for chromatin immunoprecipitation followed by high-throughput sequencing (ChIP-seq) to demonstrate that G4s are formed predominantly in regulatory, nucleosome-depleted chromatin regions [97] . Unfortunately, antibodies cannot be used to probe NA structures directly inside of living cells as, due to their size, they do not penetrate the membranes of living cells. In order to make the antigens accessible to antibodies, cells need to be fixed and either permeabilized for in situ immunostaining or lysed for chromatin immunoprecipitation [97] . Therefore, one cannot rule out the possibility that the targeted structures can be formed or unfolded during cell fixation procedures. ChIP-seq also provides a low-resolution readout, since the precipitated DNA fragments, which have a length of approximately hundreds of bases, may contain several G4-forming sites [97] .
Conclusions and perspectives
Thus far, in-cell NMR remains the only in-cell-based technique that provides atomically resolved information on NA structures in the cellular environment. The main advantage of in-cell NMR over other in-cellbased methods is its unbiased readout of NA structures. In contrast to in-cell EPR, in-cell FRET or other methods, which are based on chemical probing, in-cell NMR does not require covalent modifications of the studied NA to probe its structural properties (Table 1) . However, there are two principal limitations of the NMR method: (i) its inherent insensitivity and (ii) the strong dependence of the in-cell NMR readout on the rotational correlation time of the studied NA molecule. For the insensitivity of NMR detection, successful observation of NAs in intracellular spaces requires concentrations of the delivered NA in the low to high micromolar range. Performing in-cell NMR experiments at intracellular concentrations close to physiological (submicromolar) levels, which represents a fundamental prerequisite for gaining information about specific interactions between the studied NA and endogenous intracellular factors, has remained one of the great challenges for in-cell NMR in the future. The development of spectrometers operating at ultrahigh fields and of ultrasensitive cryogenic probes will likely provide only a partial solution to this problem. The development of other methods, such as room temperature nuclear dynamic polarization [98, 99] , will be necessary to gain a sensitivity high enough to detect NAs at a level corresponding to their physiological concentrations. For all in-cell NMR experiments, in which high intracellular concentrations (> 50 lM) are employed, the biological relevance of the results needs to be critically considered.
Although the development of NMR technology might reduce or even diminish limitations stemming from the insensitivity in near future, the dependence of NMR readouts on the rotational correlation time represents the principal limitation of the method. The incorporation of NAs into complexes of large molecular weight, connected with dramatic increase in apparent rotational correlation time of the NAs, would result in significant line broadening or even the complete disappearance of signals from in-cell NMR spectra, as in the case of the absence of signals from genomic DNA in in-cell NMR spectra. Nevertheless, in-cell NMR studies of either large NAs and or 50 kDa NA-protein complexes might be still feasible either using solid-state NMR (ssNMR) in deep-frozen intact cells [30, 100] or using tailored isotopic/covalent labelling techniques -NA tagging with 19 F probes [26, [101] [102] [103] [104] [105] appears to be one of the most promising approaches.
Due to the combination of the limiting factors mentioned above, the spectrum of in-cell NMR applications will most likely remain limited to a relatively narrow range of biological problems focusing on the influence of the nonspecific chemical-physical parameters of the intracellular space on the folding and stability of particular NA motifs or their interactions with small molecular weight compounds. Nevertheless, future applications of in-cell NMR might provide both unique and novel insights into the currently unexplored areas of the control of NA structure/function, which can be examined in fluctuating cellular environments during cell cycle progression or in different cellular states (e.g. normal vs. cancer cells). Moreover, considering the renewed interest in therapeutic targeting of DNA/RNA with small molecular weight compounds [1] [2] [3] [4] [5] , it is plausible that the in vivo profiling of NA drug candidates will become one of the most important applications of in-cell NMR in the future.
In contrast to in-cell NMR, both in-cell EPR and in-cell FRET can provide, at least in principle, information on NA structures regardless of the size of the studied system (Table 1) . However, unlike NMR, both in-cell EPR and smFRET require chemical tagging of the studied molecule with either spin labels (EPR) of fluorophores (FRET). It is mainly the sensitivity of the current generation of both spin labels (bioreduction) and fluorophores (photophysical properties) to cellular environmental factors that limits the in-cell applications of EPR-and FRET-based methods. Fluorophores with stable spectral properties, bioreduction-resistant spin labels stable at room temperature and strategies for their attachment to NAs in a controlled manner are currently being developed and will undoubtedly have a strong impact on future applications of both in-cell EPR and smFRET [62] [63] [64] [65] [66] [67] [68] 74, 75, [106] [107] [108] [109] [110] . Very powerful in-cell applications are also expected to arise in the future from the . These techniques might allow the complementing of structural data from smFRET with information on the translational (FCS) or rotational diffusion (RT-FA) of the studied system and enable one experiment that will help to distinguish between bound and free species of NAs [111] . Photo-induced electron transfer, which reports on distances that are an order of magnitude smaller than those of FRET [112] , might also find applications in structural analysis of NAs in vivo.
In conclusion, in-cell spectroscopic data have proven to be a source of important and unique information on NA structures and interactions in vivo. These data serve as a reference allowing both the assessment of the physiological relevance of the structural data obtained by conventional biophysical in vitro methods and the formulation of buffers that reliably mimic the cellular environment. Undoubtedly, the development of novel (most likely hybrid) methods for data acquisition and interpretation will be necessary to expand the scope of applications of in-cell spectroscopic methods. In this respect, the adaptation of paramagnetic techniques, namely the paramagnetic relaxation enhancement or pseudocontact shifts providing long-range structural information, recently devised for in-cell NMR of proteins [113, 114] might represent one of the promising directions. It is expected that in-cell NMR will become an inherent part of hybrid in-cell-based methods combining high-resolution readout of in-cell NMR on NA fragments with other in-cell methods that provide structural readouts independent of the molecular size of the studied system, such as in-cell smFRET. 
